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PERFORMANCE OF CONICAL JET NOZZIES IN TERMS OF FLOW
AND VELOCITY COEFFICIENTS

By Ralph E. Grey, Jr. and H. Dean Wilsted
SUMMARY
Performance characteristics of conical Jet nozzles were de'bérmined
in an investigation covering a range of pressure ratios from 1.0 to
2.8, cone half-angles from SO to 909, and ocutlet-inlet dilamster ratios

from 0.50 to 0.91. All nozzles investigated had an inlet dlameter of
5.00 inches.

The flow coefficients of the conical nozzles investigated were
dependen‘b on the cone half-angle, outlet-inlet diemeter ratio, and
pressure ratio. The velocity coefficlents were essentially constent
at pressure ratios below the critical. For increasing pressures sbove
critical pressure ratio, there was a smnll decrease in velocity coef-
ficlent that was dependent on pressure ratio and independent of cone
half-angle and outlet-inlet diemeter ratio. Therefore the varistion
in performance (air flow and thrust) of several nozzles, selected for
the same performance at a particular design condition,was propor‘bional
to the ratio of their flow coefficlentse.

INTRODUCTION

A correctly designed Jet nozzle as a device for converting pres-
sure energy to kinetic energy 1s an essemtlal part of an efficient jJet-
propulsion power plant. Current jet power plants utilize » with but
few exceptions, the conical subsonic Jeot nozzle because it is simple
and inexpensive to fabricate and the configuration is inherently strong
and rigid.

In the deslgn of Jot nozzles, approximate velocity and discharge
coefficlents have had to be used. This necessity, coupled with the
effects of other englne-design uncertainties, often requires that
chenges be made in the design of the Jet nozzle during prototype-
power-plant tests. Exact nozzle-performence date would ensble a more
rationsl process of selecting a nozzle to perform a specific task
and would also emable the designer to predict more accurately power-
plant performance over the complete operating range.
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Porforidnce charecteristics of 15 conical nozzles were experi-~’
nentally determined &t the NAGA lewis laboratory and ave premented.
The nozzls 6onfigurations investigated have ocutlet-inlet dlameter
ratios ranging from 0.50 to 0.91 &nd cone half-angiss Yanging from
5° to 90°, All the nozzled have inlet diameters of 5.00 inches.

For each configuration, the préssure ratio was varisd between 1.0
and 2.8. For convénlence; outlet-inlet diameter ratioc and done halfws
angle will hereinafter be referred to as "diameter ratic” and "cons

angle", respectively.

The results of this investigation should be useftl for the design
of or for the determination of the performance of conlecal Jet=propulsion
nozzless Factors relating to flow similarity are comsidered to aid in
determining the validity of applylng these results to other conicals
nozzle used.

.

The following symbols are used in this report:

A cross-sectional area, (sq £t)
Cg Tlow (discharge) coefficlént, Wy Wy
C_ effective velocity coefficient, gF j/ (wmv,c)

g[F3 - 4z (vz - vo)]
velocity coefficlent, A

Cv-
¢, specific heat at constant pressure, (Btum) /(1b)(°F)
D diameter, (ft)

Fy Jet thrust, (1p)

g acceleration due to gravity, 32.17 (ft/sec?)
J  mechanical equivalent of heat, 778 (£t-1b/Btu)
M Mech number

m  mass, (slugs)

total pressure, (1b/sq £t)
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static pressure, (1b/sq £t)
R gas constent, 53.3 (£4-1b)/(1b)(°F)
Re Reynolds number
T  total temperature, (°R)

Ty indicated temperature, (°R)

t static temperature, (°R)

Vv  Jot velocity, (ft/sec)

Vo, offective Jet velocity, (ft/sec)
W fluid flow rate, (1b/sec)

a Jet-nozzle cone half-angle, (deg)

B thermocouple impact-recovery factor

7 ratlo of specific heat at constant pressure to specific heat at
constant volume

R viscosity, (1b)/(sec)(ft)

e  fluid density, (1b/cu f£t)

T time, (sec)

Subscripts:

m measured value
theo:;-etical value

X example nozzle 1

oxample nozzle 2 .

smbient

H o 4

Jet-nozzle inlet
2 Jet-nozzle outlet

A prime indicates conditions of critical (sonic) flow in the nozzle
exit (throat).
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ANALYSTIS

TIn order to design a nozzle for a specific application, two per-
formence characteristics are generally required: the flow capaclty,
and the effectiveness of converting pressure energy to kinetic energy
or velocity. Flow capacity and effectiveness of energy conversion gre
evaluated in terms of flow coefficient Cg and velocity coefficlent
Oy, respectively, vwhich are defined as

Wm

Cd_ = I'q-_t' * (l)
and
Oy = :;: (2)

The evaluation of these coefficients is based on the temperatures
and the pressures at stations 1 and O in the followlng sketch:

|
IFAN

¢4
|
|
|
e
| ‘ | -
Station 1 Station 2 Station O

S Gy G— oam vy — | —

These quantities are usually available for Jet-propulsion or ejector
nozzles. The evaluation is based on one-dimensional+flow equations,

so that the coefficlents obtained mey be easily applied. Inasmmch as
the pressure distribution in the plane of the Jet-nozzle exit (station 2)
is generally unknown, the discharge pressure is assumed to be atmos-
pheric for subcritical pressure ratios. For supercritical pressure
ratios the fluid 1s assumed to expand only to the criticel pressure,
vwhich is that exit pressure that will Just produce sonic wvelocity in

20T
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the nozzle throat. The critical pressure can be determined by dif-
fersntiating the equation for mass flow through a nozzle with respect
to the downstream statlc pressure Py and setting the result equal
to zero. This operation gives

7T
NER

The actual Jet veloclty Vm’z wes obtained from the Jet thrust
in the following manner: The equation for jet thrust for subcritical
pressure ratlios can be written from Newton's second law of motion as

which states that the force is equal to the rate of change of momentum.
Then, if the fluid is assumed to start from rest (stagnation conditions
at station-l), this equation may be rewritten as

W Ca¥y
Fy =5 Vm,2=—g— Oy¥t,2 (5)

Te theoretical jJet welocity may be derived from the conservation-of-
energy equatlon

V17 L (Vi,2)
Gl -Gl vy oy ®
If the change in Cp is assumed to be negligible between T, and
t,

s,z = alzg.rcp (T - t5) (7)

The temperature at the nozzle exit can be determined from the
isentropic-expansion expression

pde
7
'bz=1‘:l.(§-2i . . (8)
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Then equation (7) becomes

=X
Do 7

The welght flow at any sectlon may be expressed by the contimmity-of-
flow equation and at station 2 may be written as

-

Wy = ATy (20)

From the gas law end the lsentroplic relation, and for subsonic flow
vith pp; = py assumed, then
=t

Pa Do (P 7
Py = = = | = ‘ (12)

Substituting the values of py from equation (10) gives
i .
Do (P17
W =8 =] W 12
t =42 RTJ.(PO) t (12)
in vhich Vi may be evaluated by equation (9).

For supercritical pressure ratlos, there 1s an excess of pressure
(ps - pg) Dbeyond that converted to velocity. The pressure at the nozzle
exlt p, may be computed from eguation (3). For supercritical pres-
sure ratios, egquation (5) then becomes

W,
Fy =2 Vo + 4 (22 - o)

wr
= Cg —* Oy V' + B2 (22 - Bo) (13)

Critical or supercritical pressure ratlios across the nozzle
establish sonlc velocity and the maximm flow rate obtainable at the
particular nozzle-inlet condition (P, and I%). When the critical-
pressure relation (equation (3)) is substituted in equations (9) and
(12) and similar terms are grouped, the critical flow condition is

1024
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Ty - 1!2g.]'cp ™ 71—;—% (14)
and
<
Wy = A, k(2 )
Wy = AT ﬁl m (35)

A simplification of the thrust calculation for supercritical pres-
sure ratlos (equation (13)) can be obtained if the calculated pres-
sure term is dropped and the thrust calculation is based on an effec-
tive veloclty Vg :

CaVy,
= o Gl (16)

The theoretical velocity 1is based on the assumption of complete
isentropic expansion to atmospheric pressure even though the pressure
ratlo across the nozzle may exceed the critical pressure ratio. The
theoretical velocity may be calculated from equation (9) with Py = Dy

The effective velocity coefficient Cg from equation (16) is

Ve
Co = T o (17)
Values of both Oy and C, are presented. For conveniencs, will

be designated the veloclty coefficient and C, the effective velocity
coefficient. Below the critical pressure ratio, P> 18 equal to

D, which makes the two velocity coefficlents equal from the equalilty
og equations (13) and (16).

The Reynolds mumbers were calculated using the nozzle-outlet
diameter in the following equation:

pPVDy
Re = —IJ_ (18)

R — e A T S g = . e o ——— T . - o e S £ AR e s o o Ak e+ e =




8 NACA TN No. 1757

The Mach muibers weore calculated for two values of ¢ by

-1

P 7
y -1 Po

APPARATUS AND PROCEDURE

The apparatus used isg dlagrammatically shown in figure 1. Flow
rate of alr, supplied to the apparatus at approximately 80° ¥, was
determined by use of a standard A.S.M.E. orifice (reference’ 15. The
apparatus was attached to the air-supply system through flexible
motal bellows to allow the apparatus to swingfreely from a hinged
Joint, so that thrust could be directly measured; a balanced-pressure
disphragm-type thrust indicator was used.

T™he minimm distance between the nozzle outlet and the inlet
instrumentation was greatest for the 5° nozzle with a diameter ratio
of 0.50. The distance required in this installation, 3.4 inlet dia-
moters, was used for all installations. The nozzle-inlet instrumen-
tation (station 1) consisted of two unshielded iron-constantan thermo-
couples, two total-pressure tubes, and two static-pressure tubes.

All nozzles were of welded 16-gage sheet steel with an inlet diam-
eter of 5.00 inches. Nozzles deviated somewhat from design dimensions
in some cases, as can be seen in table 1, which gives the nozzle con-
flgurations and measurements. Because of the deviations in dimensions,
the data were cross-plotted to obtain data corresponding to the same
angles for each of the diamester ratlos investigated.

All nozzles were investigated by varying only the nozzle-inlet
total pressure, which could be measured directly within £0.05 inch
of mercuxry.

The indicated temperature T; measured at station 1 was cor-
rected to total temperature. The nozzle-inlet indicated temperature
is a measure of the static temperature plus a portion of the stagnation-

temperature rise
T =t + B (%i—p—) (20)
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From calibration tests of thermocouples of the type used, the impact
recovery factor B was found 'bol equal 0.80. With the value of 8
knowm, the nozzle-inlet totel temperature Ty cen be calculated
from indicated temperatures by

T

1+ (1 - B)[G—})L;l -;:l

Inasmich as the temperature of the working fluid was nearly the same
as that of the surroundings, the radiation and conduction losses from
the thermocouples were considered negligible.

T = (21)

RESULTS AWND DISCUSSION
Flowv Similarity

In order that the date obtained on the S-inch nozzles can be
directly applied to full-scale Jet-engine nozzle design and perform-
ance, flow slmilarity must be established between the model and full-
scale nozzles. The predominant factors for flow similarity aere geo-
motric similarity, Reynolds mumber, and Mach number. The geometric
similarity 1s satisfled by selection of the proper model nozzle for
comparison.

The range and the comparison of Reynolds number is shown in fig-
ure 2. Tae range of Reynolds mumbers for the model data is approxi-

mately between 3 X 109 and 4 X 106. The range of Reynolds mmbers
for lcal full-scale jJet-engine nozzles is between 8 X 109 and

3 X 105, The effects of Reynolds numbers were not investigated. In-
asmch as the range of Reynolds mumbers of the model and typical full-
gcale nozzles is of approximately the same order ‘cf magnitude, the
difference in Reynolds number is considered negligible in the applica-
tion of the model data to full-scale nozzle design and performance.

The comparison of Mach mmber for two values of ratio of specific
heats 7 plotted against pressure ratio is shown in figure 3.
The value of 7y for the model nozzles is approximately 1.40 and the
value of 7 for typlcal full-scale Jet-engine nozzles is between
1.30 and 1.40. For test conditions of equal Mach number, the differ-
ence in pressure ratio is small. This small difference in pressure
ratios will be shown in the following section to have very little
effect on the nozzle coefficlents. From the foregoing analysis, flow
similarity between the model and full-scale nozzles appears to have
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been satisfied with reasonable accuracy and the results of the model
tests are considered directly applicable to full-scale nozzle design
and performance.

Flow Coefficlent

The effects on nozzle performance of changes in diameter ratio,
in cone angle, and in pressure ratio are presented. Figure 4 presents
the measured effects of change in pressure ratio on the performance
of all nozzles investigated. For all nozzles, the flow coefficient
Increased with an increase in pressure ratio. Also a rapld decrease
In flow coefficient with increassing nozzle cone angle can be seen.

Values of flow coefficlent for nozzles with cone angles of 5°,
159, 30°, 45°, and 90° were obtained from cross-plotting velues of
flow coefficlent obtained from figure 4 against the nozzle come -
angle for each dismeter ratio. These date were again cross-plotted
(fig. 5) to show variations in flow coefficient with changes in diam-
eter ratio for pressure ratios of 2.0 and l.4. The nozzles with
small cone angles reach an optimm diameter ratio of about 0.75. At
a pressure ratlo of 2.0 a maximm flow coefficient of 0.972 is indi-
cated for the 5° nozzle. In general, the flow coefficient for nozzles
with large cone half-angles increases with increasing diameter ratio.
The curves for all nozzles approach a particular value of flow coef-
ficlent at a diameter ratio of 1.00 because this value represents a
straight length of pipe. The flow coefficient for a straight length
of pipe is shown in figure 6.

The variations in flow coefficlents for nozzles of various cone
angles with changes in area ratio %/Al over e range of pressure
ratios are presented in figure 7. e meaximm values of the flow
coefficients mentioned in the discussion of figure 5 are better seen
in figure 7(a), 7(b), and 7(c) for cone half-angles of 5°, 10°, ani
15°, respectively. Figure 7 presents the data in the most conven-
ilent form for use in design of conlcal nozzles. The use of area
ratio instead of diameber ratio for these charts simplifies the
selection of a nozzle to glve a desired flow rate.

i

'V’elqcity Coefficlent

The veloclty coefficients ere glven for ell nozzles in fig-
we 8. One value of velocity coefficient, 0.945, represents the data
obtalned with all nozzles within £0.03, between pressure ratios of 1.3
and the critical value (approximately 1.9). The scatter of the data
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due to Inaccuracies in the messurements of flow rate and thrust at
pressure retlos below 1.3 was great enough to obscure any trend of
the nozzle performance at the very low pressure ratios. At super-
critical pressure ratios, the veloclty coefficient decreased to &
velue of 0.893 at a pressure ratlo of approximately 2.8. The mean
ocurve represents the supercriticel datae within+0.03. The veloclty
coofficlent was essentially independent of cone angle and diemeter
ratio and dependent only on pressure ratio.

The effective veloclty coefficients Ce (fig. 9) are used only
for the simplified thrust calculations for all the nozzles investigated.
One value of effective veloclty coefficient, 0.945, represents the
data obtained with all nozzles within £0.03 between pressure ratlios
of 1.3 and the critical value. This valug 1s the sams as obtalned for
the veloclty coefficlent of figure 8, because the velocity coefflicient
and the effective welocity coefficient are identical in the subcritical-
pressure-ratio operating range. At ’'supercritical pressure ratios,
the average value of effective velocity coefficlent decreases slightly
to 0.934 at a pressure ratio of approximately 2.8.

Comparison of Thrust Performance
The veriation in thrust with change in pressure ratio is a
function of only the flow coefficients and exit areas as can be demon-
strated:
From equation (16)

F,hx Cd. X W'l:‘,:z: Co v'b,z
FJ:y ) Cd:y Wtﬂ' Ce:y v'b.'y

(22)

The velocities are functions of only pressure ratio and initial
temperature (equation (9)) and at any particular operating condition
are therefore equal. The velocity coefficlents are also equal because
'they are a function of only pressure ratio (fig. 9). The air-flow ratio

is equal to the ratlo of outlet areas for any particular
opéra.ting condition. (See equation (12).) The thrust ratio may be
written as

F;!zx _ Ca,x A2,x
Foo = —-Z—c Az—-?—- (23)
3y d,y 2,5 '

e T e e e e A e S e e WA ST [ M 7 et e et . - R = e s < - e e
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Inasmch as the exit areas are fixed, the ratio of performence
(air flow and thrust) of nozzles of different design selected for
the same thrust at a particular condition is proportional to the
ratio of flow coefficlents.

Thrust with the 90° and 5° nozgles is compared in figure 10 over
a range of pressure ratios between 1.0 and 2.8. These .two nozzles
were designed to give the same thrust (effective flow ares and air
flow) at a pressure ratio of 2.0 and were chosen to show the maximm
variation In thrust. The variation in thrust between the two nozzles
with increasing pressure ratio resulis from the larger outlet area
of the 90° nozzle and a more rapld increase in flow coefficient than
for the 5° nozzle. The thrust ratio increases for-the 90° nozzle with
an Increase in pressure ratio above the design pressure ratio because
of the greater effective flow area and decreases with a decrease in
pressure ratlo because of the smaller effective flow area.

SUMMARY OF RESULTS

From an investigation of conical Jet nozzles with inlet diameters
of 5.00 inches, outlet-inlet diamster ratios from 0.50 to 0.91, come
half-angles from 5° to 90° at pressure ratios from 1.0 to 2.8, the
following performance characteristics were determined:

1. The flow coefficlent for ell nozzles increased with increasing
pressure ratio.

2. The flow coefficient for all nozzles increased with decreasing
cone half-angle.

3. The flow coefficlent of nozzles with small cone half-angles
reaches an optimm at a diameter ratio of about 0.75. The flow coef~-
ficlient of nozzles with large cone half-angles in generasl incresses with
Increasing diameter ratio.

4. The velocity coefficient could be reasonably well represented
by a value of 0.945 in the range of pressure ratios from 1.3 to the
critical pressure ratio. At pressure ratios above the critical value,
the velocity coefficient decreased to a value of 0.893 at a pressure
ratio of 2.8.

5. The velocity coefficient was essentially independent of cone
half-angle and of outlet-inlet diameter ratio.

6. The effective velocity coefficient was based on the assumption
of complete isentroplc expansion to ambient pressure when the nozzle

1024
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is operated sbove the criticel pressure ratio, and was identical
with the weloclty coefficlent below the critical pressure ratio.
Above the critical pressure ratio, the effective velocity cocefficient
decreased from 0.945 to 0.934 at a pressure ratio of 2.8.

7. The comparative performances (thrust and air flow) of nozzles
gelected for the same performance at a particular design condition
were proportional to the ratio of their flow coefficients because the
velocity coefficient 1s essentially independent of nozzle design.

Lewis Flight Propulsion Iaboratory,
National Advisory Committee for Aeronsutics,
Cleveland, Chio, September 7, 1948.
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TABLE 1
NOZZLE CONFIGURATIONS AND MEASUREMENTS

[COne half-angle a measured at 90° intervals around periphery; outlet
diameter D?_ measured at 60° intervals around periphery; inlet diameter

D, of all nozzles, 5,00 in.]

1
Configuration Msasurement cog’e h(s:ilefg-)anglt o%u’e&xgl}?mete: Dia eatfglratio
— 1 .8 2.51 0.5030
S 2 .0 2.52 .5056
A 3 5.5 2,9k I -11988
_ L L5
' Av. 5.0 2.512 .502)
— 1 14.0 2.495 0.44990
2 1h.5 2.52l »5048
B L3 13.0 2,490 11980
- L 12.0
' Av. 13.0 2.503 .5006
; 1 31,0 2.50) 0,5008
o~ 2 29.0 2.500 .5000
c 3 30.8 2.501 .5002
- L 29.0
Av. ‘ 30.0 2.502 .500l
t 1 39.5° 2.199 0,1998
N 2 40.5 2.513 ,5026
D 3 39.0 2.493 1986
4 L Lo.8
i Av. ho.o 2.502 .5004
1 1 90.0 2.500 0.5000
- 2 90.0 2.500 .5000
E 3 90.0 2.500 .5000
! L 90.0
' Av. 90.0 2,500 .5000
— 1 15,5 3.312 0.662l
T~ 2 16.5 “3.318 6636
F 3 16.3 3.378 6756
I 15.0
f Av, 15.8 3.336 6672
. 1 k7.7 3,567 0,6734
N 2 18.7 3,351 .6702
G 3 L7.9 3.337 667U
L k7.9
! av. L8,0 3.352 6704
1 D 1 90.0 3,333 0.667
2 90.0 34333 667
H 3 90.0 5.333 +667
, L 90.0
f Av. 90.0 3.333 . 667

¥20T
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TAELE 1

NOZZLE CONFIGURATIONS AND MEASUREMENTS - Concluded

15

Configuration Measurement c?? t(lg]e.zé‘;angle Out%;t (g:n?eter Diamgzter ratio
. 1 1.2 3.995 "0.7990
2 15.2 L.oil .8028
1 3 14.8 3.985 <7970
L 15.8
Av. 15.0 3.998 .7996
L 1 38.5 3,990 0.7980
2 38.5 3.985 -7970
J 3 39.5 3.996 «7992
' A&. 380 3.990 -7980
. 1 90.0 L,.000 0.8000
2 90.0 L.o00 .8000
3 90.0 Iy.000 .8000
K
L 90.0 .
! Av. 90.0 L.o00 .8000
L 1 6.0 Lh.570 0.9140
o 2 6.0 L4.552 .910k
L 3 5.3 L.580 .9160
L 6.2
— Av, 5.9 L.567 .913h
. 1 1.8 L.528 0.9056
2 15.0 L.h96 .8992
" 3 1.8 L.519 .9038
N 15.0
Av., k.9 L.51l .9028
) 1 29.5 L.531 0.9062
2 29.0 L .538 .9076
3 29.5 l.550 »9100
N L 28.5
' Av. 29.1 L.s4h0 .9080
. 1 90.0 I..505 0.9090
2 90,0 L.545 9090
o 3 90.0 L5045 .9090
L 90.0
r Av. 90.0 L.sLs5 .9090

“IZ::§§;57
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